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Electrospray ionization mass spectrometry (ESI-MS) was applied to the analysis of the
dissociation and denaturation processes of a heterodimeric yeast killer toxin SMKT. The two
distinct subunits of SMKT noncovalently associate under acidic conditions, but become
dissociated and denatured under neutral and basic conditions. In order to understand the
unique pH-dependent denaturation mechanism of this protein, a pH titration was performed
by utilizing ESI-MS. The molecular ions of the heterodimer which possesses the highly ordered
structure, were mainly observed below pH 4.6. However, the two subunits immediately
dissociated at this pH. The spectra measured with various settings of the mass spectrometer
indirectly demonstrated that the pH-dependent dissociation occurs in the liquid phase. The
current result as well as the three-dimensional structure of SMKT suggest that the deproto-
nation of a specific carboxyl group triggers a cooperative dissociation process of this protein.
In conclusion, the pH titration of a protein by ESI-MS is particularly effective, when the
unfolding process or the biological function of the protein is related to the interaction with
other molecules. (J Am Soc Mass Spectrom 2000, 11, 54–61) © 2000 American Society for
Mass Spectrometry
Information about the three-dimensional structure ofa protein is essential to understand its biologicalfunction and stability. The most potent methodolo-
gies employed for the tertiary structural analyses of
proteins are X-ray crystallography and nuclear mag-
netic resonance (NMR). On the other hand, mass spec-
trometry (MS) has also provided structural information
about proteins, including conformational changes and
noncovalently bound complexes. Generally speaking,
mass spectrometry studies of the tertiary structure of a
protein can be divided into three different approaches.
In the first approach, mass spectrometry is combined
with chemical modifications of particular amino acid
residues of a protein. The surface structure [1] and the
ligand-binding site [2] of a protein can be studied by
this method. The second approach is a mass spectrom-
etry study combined with hydrogen/deuterium (H/D)
exchange, which can probe the conformational changes
and the refolding process of a protein [3]. The gentle
ionization process of electrospray ionization mass spec-
trometry (ESI-MS) makes it possible to detect the mo-
lecular ions of proteins in the folded states. The third
approach directly utilizes this characteristic of ESI-MS,
and has been applied to the analyses of the conforma-
tional differences and the denaturation processes of
proteins [4–7], and to those of the noncovalent interac-
tions of proteins with several counterparts, including
small molecular ligands [8], peptides [9], proteins [10],
and nucleic acids [11]. In this study, we combined the
third approach with pH titration, and applied it to the
analysis of the pH-dependent dissociation and denatur-
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ation processes of a noncovalently associated het-
erodimeric protein.
Among the various species of yeasts and fungi, it has
been found that certain strains kill their competitive
strains [12]. The former and the latter are designated as
“killer” and “sensitive” strains, respectively. To kill the
sensitive strains, the killer strain secretes a proteineous
substance termed “killer toxin.” The killer strain is
insensitive to its own toxin. Except for sharing these
common phenotypes, each killer strain produces a
unique toxin with diverse properties, in terms of the
encoded gene, the molecular size, the mature structure,
and the strategies of recognition and killing of the target
cells, and each possesses a unique resistance mecha-
nism to its own toxin [12].
The target of this research is the killer toxin secreted
by a halotolerant yeast, Pichia farinosa KK1 strain, which
was found in miso, a soybean paste that is rich in salt
[13]. This killer toxin is termed the salt mediated killer
toxin (SMKT), because its killer activity is enhanced
with increasing NaCl or KCl concentrations [14, 15].
SMKT is encoded by a single open reading frame within
the chromosomal DNA, in the form of a preprotoxin
comprising 222 amino acid residues. It is composed of a
typical signal sequence, a hydrophobic a subunit (ami-
no acid residues 19–81, average mass: 6342.3 u), an
interstitial g peptide, and a hydrophilic b subunit
(amino acid residues 146–222, average mass: 7846.6 u).
This preprotoxin is post-translationally processed by
several proteases and is converted to the ab het-
erodimeric mature toxin with a molecular weight of 14
kDa [15]. The toxic mechanism of SMKT has not been
sufficiently characterized.
The stability and the killer activity of the mature
SMKT strongly depend on the pH [14]. The heterodimer
of the mature SMKT acts in the associated state. The
two subunits, a and b, which are not bridged by
disulfide bonds, noncovalently associate with each
other under acidic conditions. However, they are irre-
versibly dissociated under neutral and basic conditions
[15]. As a consequence, the toxin shows its maximum
killer activity at pH 2.0–4.0, and its toxicity sharply
decreases with increasing pH [14]. A circular dichroism
(CD) analysis [16] and a pulsed-gradient spin-echo
NMR diffusion measurement [17] demonstrated that
the mature SMKT can maintain almost the same sec-
ondary structure below nearly pH 5.0, and then sud-
denly denatures at this pH. After the dissociation, the a
subunit aggregates and the b subunit assumes a ran-
dom coil structure in aqueous solution [15, 16].
The three-dimensional structure of the mature SMKT
has been determined by X-ray crystallography [18]. The
molecular structure of SMKT is shown in Figure 1. The
a and b subunits are jointly folded into a single domain
structure with an ellipsoidal shape. The folding topol-
ogy of SMKT belongs to the a–b sandwich [20], in
which the secondary structures are arranged so that a
layer of two antiparallel a helices flanks a five-stranded
antiparallel b sheet. In an SMKT molecule, some of the
carboxyl groups interact with each other through hy-
drogen bonds, as shown by the space-filling model in
Figure 1. The carboxyl–carboxyl mutual hydrogen
bond is a relatively rare interaction in protein molecules
[21]. The presence of four carboxyl–carboxyl hydrogen
bonds in SMKT is a structural feature peculiar to this
protein. It is likely that the pH-dependent dissociation
and denaturation of SMKT are due to the disruption of
these intramolecular carboxyl–carboxyl hydrogen
bonds. Under neutral or basic conditions, the carboxyl
groups bear negative charges, and the electrostatic
repulsions between them may destabilize the native
structure of SMKT. However, even after this crystallo-
graphic study, the precise dissociation process is still
obscure. For example, the question remains as to
whether all of these interactions randomly destabilize
the structure or one of them triggers the cooperative
dissociation. In order to obtain more detailed informa-
tion about the dissociation and denaturation mecha-
nisms of this protein, the mature SMKT was investi-
gated by pH titration utilizing ESI-MS.
Experimental
SMKT was isolated and purified as described previ-
ously [15]. The stock solution of the purified SMKT
contained about 1.0 mM protein, 140 mM NaCl, and 16
mM citrate-phosphate buffer (pH 3.5). This solution
Figure 1. The three-dimensional structure of SMKT. The a and b
subunits are colored in white and gray, respectively. Carboxyl
groups involved in the carboxyl–carboxyl mutual hydrogen
bonds [a:D76–b:D213, b:E158–b:D222 (b-carboxyl group),
b:D161–b:D195, b:D199–b:D222 (a-carboxyl group)] are repre-
sented in the space-filling model (oxygen: dark gray, carbon: light
gray). This illustration was drawn with the program molscript
[19].
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was dialyzed against a 5 mM acetic acid solution and
was concentrated to about 0.5 mM protein, by ultrafil-
tration using a Centricon-10 unit (Amicon, Beverly,
MA). The concentration of SMKT was determined by
measuring the UV absorption at 280 nm, with «280 5
2.8 3 104 M21 cm21. The sample solutions for the
ESI-MS measurements were prepared by diluting the
desalted SMKT solution with buffers of various pHs,
and by centrifuging them for 3 min (2000 g). For the pH
titration experiments, 5 mM ammonium acetate and
5–50 mM acetic acid solutions were used in order to
increase or decrease the pH, respectively. The buffers
were prepared in steps of either 0.1 pH units between
pH 3.0 and 5.0 or 0.5 pH units between pH 5.0 and 6.0.
The pH of the buffer was measured at a room temper-
ature using a pH meter, HM-10P, equipped with a pH
combination electrode, GS-5016S (TOA Electronics, To-
kyo, Japan). The concentration of SMKT was adjusted
so that the molar acetate ion/SMKT ratio was 500,000.
The pH values described in this report are those mea-
sured after the dissolution of the protein.
The ESI mass spectra were acquired using a triple
stage quadrupole mass spectrometer, TSQ700,
equipped with an electrospray ion source (Finnigan,
San Jose, CA). The mass spectra were measured in the
positive ion mode. The electrospray source voltage of
the ion source, in which the sprayer is at the ground
potential and the heated capillary is at the negative high
voltage, was fixed at 24.5 kV. The typical mass spec-
trum was recorded by averaging 60 scans from m/z 800
to 2900 at a scan rate of 5 s/scan. The sample solutions
of SMKT were infused into the ESI source at a flow rate
of 3 mL/min through a 100 mm internal diameter
fused-silica capillary inlet. The nitrogen sheath gas (70
lb/in.2) was blown from the coaxial direction of the
spray.
In order to detect the noncovalent complex of SMKT,
three parameters of the mass spectrometer were opti-
mized. First, the effect of the auxiliary nitrogen gas was
examined. When it is turned on, it was blown to the
charged spray with almost the same flux as that of the
sheath gas. Second, the heated capillary was set at
various temperatures. Third, the voltage offset of the
tube lens was altered. In the TSQ700 unit, the tube lens
exists at the exit of the heated capillary and plays a role
in efficiently introducing the generated ions to the mass
detector.
Results and Discussion
Detection of SMKT Heterodimer by ESI-MS
As the mature SMKT can maintain its native structure
only in the heterodimeric state, it is necessary to detect
the multiple charged ions of the heterodimer. For this
purpose, the ESI mass spectra of SMKT in 5 mM acetic
acid solution (pH 3.5), where this protein can maintain
its heterodimeric structure, were measured with vari-
ous conditions of the mass spectrometer. Figure 2
demonstrates some of those spectra.
As shown in Figure 2a, it was possible to observe
molecular ions of the noncovalently associated het-
erodimer of SMKT dominantly, when the mass spec-
trometer were operated, at a reduced temperature set-
ting of 60 °C in the heated capillary, without the use of
the auxiliary nitrogen gas, and with the low voltage
setting at the tube lens. Throughout this study, the
ESI-MS experiments of SMKT were carried out with
aqueous solutions, because this protein is easily disso-
ciated in the presence of organic solvent. Actually, in
the ESI mass spectrum measured with the solution
containing 1% acetic acid and 50% methanol and with
the same mass spectrometer setting as that employed in
Figure 2a, SMKT was completely dissociated into the
two subunits (data not shown). The molecular ions of
SMKT heterodimer presumably reflect its native or
nativelike structure. The narrow distribution of the
multiple charged ions of the heterodimer in the ESI
mass spectrum is characteristic of molecular ions that
are derived from a highly ordered structure. Moreover,
the peaks due to the homodimer of the a or b subunit
were not observed in the mass spectrum, indicating that
random aggregation of the subunits neither occurs in
solution nor is produced in the ESI process. As shown
in Figure 1, the a subunit possesses a longer a helix and
two b strands, whereas the b subunit consists of a
shorter a helix and three b strands which are inserted
between the two b strands of the a subunit. Thus, the
three-dimensional structure of SMKT is constructed,
not as the complex of the structurally independent
domains of the two subunits, but as the single domain
structure in which two peptide chains are complicat-
edly entwined. This structurally dependent folding of
SMKT heterodimer implies that the association can be
maintained only in the accurately folded state. There-
fore, this result is able to reinforce the suggestion that
tertiary structure of the protein can be maintained in the
gas phase [4, 10].
Generally speaking, in order to maintain the nonco-
valent complex in the ESI mass spectrometer, the opti-
mum voltage of the tube lens must be lower than the
voltage used to obtain the best sensitivity and quality of
the ESI spectrum [10, 22]. Actually, when the voltages of
the tube lens were raised, SMKT was almost completely
dissociated to each subunit (Figure 2b). Similarly, when
the auxiliary nitrogen gas was turned on, the dissocia-
tion of SMKT proceeded completely (Figure 2c). The
auxiliary nitrogen gas prompts the evaporation of sol-
vent from the charged droplets at an early stage of the
ESI process. The temperature of the heated capillary
also influenced the association of the two subunits of
SMKT. At a temperature of 150 °C, a and b subunits,
but no molecular ions of the heterodimer, were ob-
served (Figure 2d), whereas at a temperature of 90 °C,
molecular ions of the heterodimer remains with almost
the same ionic intensity as those of both subunits
(Figure 2e). The heated capillary promotes the evapo-
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ration of solvent from the charged droplets at a middle
stage of the ESI process. These results demonstrate that
the excess of the desolvation gives an impetus to the
dissociation of the SMKT heterodimer. In the measure-
ments shown in Figure 2a, c–e, the voltages of the tube
lens were set at the same values. However, when the
ions are less solvated, the optimum voltage of the tube
lens must be lowered. Therefore, the reason for the
dissociation of SMKT in the conditions of the mass
spectrometer shown in Figure 2c–e, may exist in the
relatively high voltage of the tube lens and in the less
solvated state of SMKT. On the other hand, in the
condition of the mass spectrometer shown in Figure 2a
in which the completely desolvated heterodimer of
SMKT is mainly observed, the SMKT heterodimer ions
at the tube lens may be solvated enough to stand the
load of the tube lens voltage. SMKT in 5 mM acetic acid
solution was applied to the matrix-assisted laser de-
sorption ionization mass spectrometry. However, the
noncovalently associated heterodimer of SMKT could
not be observed (data not shown). This result may also
imply that the excess of the desolvation and the sput-
tering promote the dissociation of SMKT heterodimer.
pH Titration of SMKT Using ESI-MS
Considering from the balance between the quality of the
spectrum and the preservation of the noncovalent com-
plex, the mass spectrometer condition shown in Figure
2a was judged to be best for detecting SMKT het-
erodimer. Therefore, except for the buffer conditions,
the pH titration experiments of SMKT were performed
using this ESI-MS measurement condition. The results
of the pH titration experiments are summarized in
Figures 3 and 4. Figure 3 demonstrates the ESI mass
spectra of SMKT solutions at pH 3.5, 4.5, 4.6, 4.7, and
5.4. In Figure 4, the ratios of the total ionic intensities of
SMKT heterodimer to those of the b subunit are plotted
as a function of pH.
As shown in Figure 4, below pH 4.5, the total
intensity of the molecular ions of the heterodimer was
much greater than that of the b subunit, and their ratio
remained constant. However, the ionic intensity of the
heterodimer steeply decreased from pH 4.6, and was
almost lost at pH 4.7 (Figures 3 and 4). Concurrently,
the ionic intensity of the b subunit drastically increased
in this pH range. The most intense multiple charged ion
of SMKT heterodimer changed from (M 1 9H)91 at pH
3.5 to (M 1 8H)81 at pH 4.5 (Figure 3a, b). The charge
state of SMKT heterodimer suddenly changed at pH 3.6
(data not shown). As the pH increased, the multiple
charged ions of the heterodimer shifted to lower
charged states, and still maintained a narrow distribu-
tion. Therefore, the change in the charge state of SMKT
heterodimer at pH 3.6 is not likely to be caused by the
structural change to more unfolded states, but rather by
the deprotonation of a specific charged group. These
results demonstrate that in the ESI process, SMKT
Figure 2. ESI mass spectra of SMKT solution at pH 3.5, measured
with various conditions of the mass spectrometer. HD, a, and b
represent the molecular ions from the heterodimer and the a and
b subunits, respectively. The mass spectrometer was operated
with the conditions of (a) the auxiliary nitrogen gas: off, the
temperature of the heated capillary: 60 °C, and the voltage of the
tube lens: 141 V; (b) the auxiliary nitrogen gas: off, the tempera-
ture of the heated capillary: 60 °C, and the voltage of the tube lens:
184 V; (c) the auxiliary nitrogen gas: on, the temperature of the
heated capillary: 60 °C, and the voltage of the tube lens: 141 V; (d)
the auxiliary nitrogen gas: off, the temperature of the heated
capillary: 150 °C, and the voltage of the tube lens: 141 V; and (e)
the auxiliary nitrogen gas: off, the temperature of the heated
capillary: 90 °C, and the voltage of the tube lens: 141 V.
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heterodimer maintains its native structure below pH
4.7, and suddenly dissociates to each subunit at this pH.
At pH 4.6 or 4.7, the ionic intensities of the molecular
ions of the a subunit were weaker than that of the b
subunit (Figure 3c, d). At pH 5.4, only the molecular
ions of the b subunit could be observed in the mass
spectra (Figure 3e). The a subunit is hydrophobic, and
is insoluble in aqueous solutions [15]. Presumably, this
is the reason that the peaks of the a subunit are weak
above pH 4.6. The detailed discussion of these phenom-
ena will be performed in the next section.
The CD and NMR analyses of SMKT demonstrated
that the b subunit assumes an extended random coil
conformation in the aqueous solution [16, 17]. As
shown in Figure 3e, the distribution of the multiple
charged ions of the b subunit at pH 5.4 was shifted to a
higher charged state and had a wider range than the
distribution of those at pH 3.5 (Figure 2), which is
considered to reflect the charge states of the b subunit in
the heterodimer. This result is coincident with those of
the CD and NMR analyses.
Evidence of the pH Titration by ESI-MS Detecting
the Dissociation of SMKT in the Liquid Phase
At pH 3.5, SMKT was able to maintain its heterodimeric
structure not only in solution, but also during the ESI
process with the most moderate condition employed in
the pH titration experiments (Figure 2a). However, in
the ESI process with each of the severe settings of the
auxiliary nitrogen gas, the heated capillary, and the
tube lens, SMKT almost completely dissociated to its
subunits (Figure 2b–d). The dissociation of SMKT is
likely to occur in the gas phase, by the effects of the
relatively high voltage of the tube lens and/or the more
desolvated state of this protein.
Figure 3. ESI mass spectra of SMKT solutions at (a) pH 3.5, (b)
pH 4.5, (c) pH 4.6, (d) pH 4.7, and (e) pH 5.4. HD, a, and b
represent the molecular ions from the heterodimer and the a and
b subunits, respectively. The mass spectrometer was operated
with the conditions of the auxiliary nitrogen gas: off, the temper-
ature of the heated capillary: 60 °C, and the voltage of the tube
lens: 141 V.
Figure 4. Ratio of the total ionic intensity of the molecular ions of
SMKT heterodimer to that of the b subunit, plotted as a function
of pH. The Y axis is graduated in the logarithmic scale. The ionic
intensity of each molecular species is compared with the sum of
the peak heights of its multiply charged ions in the ESI mass
spectrum. The measurements of the ESI mass spectra were per-
formed more than four times at each pH, and the average values
are plotted with the error bars in this figure.
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It is not until the observation by ESI-MS is proved to
be the event in the liquid phase, that the pH titration
utilizing ESI-MS becomes effective for assessing the
mechanism of the denaturation process or the function
of the protein. In order to demonstrate that the pH-
dependent dissociation of SMKT observed by ESI-MS
occurs in the liquid phase of the ESI process, the ESI
mass spectra of SMKT solution at pH 4.7 were mea-
sured under different conditions of the mass spectrom-
eter. The spectra are shown in Figure 5. The conditions
of the mass spectrometer in Figure 5a–d were the same
as those in Figure 2a–d, respectively.
As shown in Figures 2 and 5, the tendency for the a
subunit to ionize at pH 4.7 was apparently different
from that at pH 3.5. In the spectra at pH 3.5 (Figure
2b–d), the ratios of the total ionic intensity of the
molecular ions (sum of the peak heights) of the a
subunit to that of the b subunit were about 72%, 84%,
and 77%, respectively. In the all severe conditions of the
mass spectrometer, the a/b ratios were constant and
the two subunits had almost the same intensity. On the
other hand, in the spectra at pH 4.7 (Figure 5), the ratios
of the total ionic intensity of the molecular ions (sum of
the peak heights) of the a subunit to that of the b
subunit apparently depended on the conditions of the
mass spectrometer. Those in Figure 5a–d were about
44%, 44%, 120%, and 63%, respectively.
In the mass spectrum of the most moderate condition
employed in the pH titration experiments (Figure 5a) or
the condition of the high voltage setting of the tube lens
(Figure 5b), the total ionic intensity of the a subunit was
less than half of that of the b subunit. As compared to
these spectra, the a/b ratio slightly increased in the
mass spectrum measured with the high temperature
setting of the heated capillary (Figure 5d). In the mass
spectrum measured with the use of the auxiliary nitro-
gen gas, the total ionic intensity of the a subunit became
almost the same as that of the b subunit (Figure 5c).
Thus, at pH 4.7, the a subunit was introduced to the ESI
ion source to the same extent of the b subunit, and the
efficiency of the ionization of the a subunit was im-
proved by the enforced desolvation of SMKT especially
at the early stage of the ESI process. This result implies
that the rapid evaporation of the solvent from the
charged droplets by the auxiliary nitrogen gas prevents
the hydrophobic a subunit from aggregating and be-
coming difficult to ionize. Consequently, at pH 4.7, it
can be considered that the SMKT heterodimer does not
dissociate in the gas phase but does so in the liquid
phase or in the just sprayed droplet.
As shown in Figure 3e, only the b subunit was
observed in the mass spectrum at pH 5.4. At this pH,
the measurements with severe settings of the mass
spectrometer as employed at pH 3.5 and 4.7 were also
performed. However, the a subunit could not be ob-
served in any severe settings of the mass spectrometer
(data not shown). Above pH 5.3, the SMKT solution
became turbid, because of the precipitation of the a
subunit [16]. In this research, the sample solution was
centrifuged before the ESI-MS measurements. The re-
sult at pH 5.4 demonstrates that the a subunit has
Figure 5. ESI mass spectra of SMKT solution at pH 4.7, measured
with various conditions of the mass spectrometer. HD, a, and b
represent the molecular ions from the heterodimer and the a and
b subunits, respectively. The mass spectrometer was operated
with the conditions of (a) the auxiliary nitrogen gas: off, the
temperature of the heated capillary: 60 °C, and the voltage of the
tube lens: 141 V; (b) the auxiliary nitrogen gas: off, the tempera-
ture of the heated capillary: 60 °C, and the voltage of the tube lens:
184 V; (c) the auxiliary nitrogen gas: on, the temperature of the
heated capillary: 60 °C, and the voltage of the tube lens: 141 V; (d)
the auxiliary nitrogen gas: off, the temperature of the heated
capillary: 150 °C, and the voltage of the tube lens: 141 V.
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completely aggregated and is not introduced to the
mass spectrometer by centrifuging. Concerning the
signal-noise ratio of the spectra in Figure 3, the quality
of them ranked in the order of pH 3.5, 5.4, and around
4.6. The qualitative difference of the ESI mass spectra of
the different pH solutions may be caused not only by
the ammonium ion included in the buffer, but also by
the aggregated a subunit.
Molecular Mechanism of the pH-Dependent
Dissociation and Denaturation of SMKT
SMKT has the unique feature of four intramolecular
carboxyl–carboxyl hydrogen bonds (Figure 1). All of
these interactions could potentially become repulsive
and destabilize the tertiary structure under neutral and
basic conditions. Concerning the mechanism of the
pH-dependent dissociation and denaturation of SMKT
heterodimer, two possibilities can be considered. One
mechanism is that these carboxyl–carboxyl interactions
are randomly disrupted, and the entire structure of
SMKT is gradually destabilized. The other is that the
deprotonation of the specific carboxyl group among
them triggers a sequential structural collapse, which
leads to the highly cooperative dissociation of SMKT.
The result of the current ESI-MS analysis demonstrates
the sudden dissociation of SMKT at pH 4.6, suggesting
the latter mechanism.
Although the actual initiation site of the dissociation
still remains to be identified, the current results suggest
that the disruption of the Asp76–Asp213 hydrogen
bond is the most possible candidate. This hydrogen
bond is the only intersubunit interaction among the
carboxyl–carboxyl hydrogen bonds, and its disruption
could directly facilitate the dissociation. The Asp213
residue resides on the loop possessing the highest
temperature factor in the SMKT molecule [18]. In con-
clusion, we strongly suggest that the disruption of this
bond causes a drastic structural change of the loop,
leading to the dissociation of the two subunits.
Comparison of ESI-MS and Other Experimental
Results Concerning the pH-Dependent
Dissociation and Denaturation of SMKT
In the CD analysis, SMKT maintained its constant
secondary structure below pH 4.8, and the symptom of
the denaturation emerged on the spectrum at pH 5.1
[16]. The NMR analysis provided the result that, below
pH 4.6, the diffusion coefficient of SMKT kept the
constant value suggesting the compactly folded struc-
ture, and that, above pH 5.0, the diffusion coefficient
could not be measured because of the aggregation [17].
These results are essentially the same as our current
ESI-MS result. However, if the dissociation and aggre-
gation of SMKT occurs simultaneously, the dissociation
pH of this protein observed by ESI-MS is somewhat
lower than the values estimated by these solution
experiments.
Actually, no direct evidence for the dissociation of
SMKT is obtained by the CD and NMR analyses.
Therefore, the dissociation of SMKT may occur prior to
the complete denaturation and aggregation of this pro-
tein. The distribution of the multiple charged ions of the
b subunit at pH 5.4 was shifted to a higher charged state
and had a wider range than the distribution of those at
pH 4.7, suggesting that the b subunit is more unfolded
at pH 5.4 than at pH 4.7. Similarly, the a subunit was
more aggregated at pH 5.4 than at pH 4.7. These results
support the above assumption. Thus, the pH titration
by ESI-MS confers more detailed information concern-
ing the dissociation and denaturation processes of
SMKT than the CD and NMR analyses.
On the other hand, we also considered the possibility
that the slight discrepancy in the dissociation pH of this
protein between ESI-MS and the other experiments may
be ascribed to the early stage of the ESI process. In the
early stage of the positive ion mode of the ESI process,
a protein molecule is subjected to charge separation of
the solution at the metal capillary tip, due to the
imposed high electric field, and finally is surrounded by
a positively charged droplet. It has been shown that the
electrolytic oxidation of water in this stage of the ESI
process can reduce the pH of the droplet, although this
effect can be suppressed by employing higher flow
rates and a stainless steel capillary [23, 24].
The pH titration of a protein by ESI-MS has already
been applied to studies of the acid-induced unfolding
process of horse heart cytochrome c, suggesting the
cooperative unfolding of this protein [25, 26]. This
ESI-MS study was performed with a high flow rate of
injection (5 mL/min) and a stainless steel capillary, and
demonstrated the midpoint pH value of the unfolding
of cytochrome c (pH 2.7) which is not very different
from the value observed by the optical experiments (pH
2.5) [25–29]. A protonation of the N«2 atom of His18,
which coordinates to the heme iron, has been shown to
be the crucial step of the acid-induced unfolding pro-
cesses of cytochrome c [28, 30]. Even if the 0.2 pH unit
difference is significant, the shift of the midpoint pH
value of the unfolding of cytochrome c to the alkaline
direction in ESI-MS can be explained by the protonation
of the N«2 atom of His18 in the charged spray where the
pH is slightly reduced from the injected solution.
In the current ESI-MS experiments of SMKT, a stain-
less steel capillary tip and a relatively high sample
injection flow rate (3 mL/min) were also employed.
Therefore, the pH of the charged spray in our research
is not expected to be greatly reduced. First of all, in the
case of the pH 4.6–4.7 solution, a reduction of the pH of
the charged spray would not be disadvantageous to the
association of SMKT heterodimer. Consequently, the
decrease in the pH of the charged spray is not likely to
be related to the shift of the dissociation pH of SMKT.
However, in the charge separation process of the
positive ion mode of ESI-MS, a negatively charged
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portion of the solution remains at the metal capillary
tip. These negative charges are eliminated by the elec-
trochemical oxidation at the surface of the metal capil-
lary tip as the positive electrode [31]. During the oper-
ation of ESI-MS, the negative charges are continually
generated, and the pH of the solution at the metal
capillary tip may become higher than that of the origi-
nal sample solution. Therefore, the shift of the dissoci-
ation pH of SMKT to the acidic direction in ESI-MS may
be explained by the assumption that the deprotonation
of the crucial carboxyl group of SMKT occurs at the
metal capillary tip where the pH is slightly higher than
that of the injected solution. Further information of the
environment within the charge separated solution at the
metal capillary tip will confer the better understanding
of its effect to the pH-dependent characteristics of a
protein.
Conclusion
A pH titration utilizing ESI-MS was applied to the
analysis of an unique pH-dependent dissociation pro-
cess of a heterodimeric protein, SMKT. The molecular
ions of SMKT heterodimer possessing the highly or-
dered structure were dominantly observed below pH
4.6. However, the two subunits immediately dissociated
at this pH. The spectra measured with various settings
of the mass spectrometer indirectly demonstrated that
this phenomenon occurs in the liquid phase. The results
suggest that the disruption of a specific hydrogen bond
between carboxyl groups, presumably a hydrogen bond
between Asp76 and Asp213, triggers a cooperative
dissociation process of this protein. Consequently, the
pH titration of a protein utilizing ESI-MS has been
demonstrated to be effective in analyzing the pH-
dependent intermolecular interaction that is related to
the denaturation process or the function of a protein.
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